Abstract-In this paper, the nonlinear mathematical model with five DOFs (degrees-of-freedom) of a magnetic levitation system is developed and analyzed. Then a second order sliding mode controller is proposed to regulate the levitation to a desired position, stabilize the other 4 DOFs in the nonlinear system and compensate the unknown increments on the load. Simulation results are presented to show the effectiveness of the proposed controller.
I. INTRODUCTION The transport of material or products is a major problem in the manufacturing automation industry. As it currently stands transport specifications can be so variable from process within a single plant that each operation might require its own transport. Using magnetic levitation (maglev), a carrier can be partially or totally levitated or suspended by magnetic fields generated along the guiding tracks. This allows the carrier to move with little or no contact to the guiding tracks, thus greatly minimizing the problems of environmental contamination. Of course, such contact-free levitation has to be enforced for all DOFs of the rigid body.
Maglev systems offer many advantages such as frictionless, low noise, the ability to operate in high vacuum environments and so on. Previous works in this area span many fields. Some well known fields include maglev transportation [1] , microrobotics [2] , photolitography [3] , positioning [4] , launch systems [5] and so on.
In general a maglev system can be classified, based on the levitation forces, as an attractive system or a repulsive one, each type having various kinds of possible arrangements. Most of the maglev systems discussed in the literature are attractive, where attractive forces are applied between the moving carriage and fixed guide tracks. On the other hand, the repulsive maglev systems use repulsive forces to push the moving carriage above the fixed guide tracks. However, a magnetic levitation system is highly nonlinear and unstable, and a feedback control is necessary to achieve a stable operation. Many works have developed linear controllers, and the control laws have been based on traditional control methods and only local stability is guaranteed. These developed controllers may not meet the precision control purpose for maglev systems, because these systems are naturally under the influence of many uncertainties. On the other hand, the works that use nonlinear mathematical models [6] only control 2 DOFs and consider the other DOFs stables.
To overcome this problem, a new approach called "second order sliding mode (SOSM)" has been proposed [7] , [8] , [9] . This approach has the main advantages of the standard sliding mode control technique, the chattering effect is eliminated and a high order precision is provided.
In this paper the kind of maglev system is a repulsive one, using an arrangement of a permanent magnet levitated above an electromagnet. The control design proposed here is based on SOSM control technique for the nonlinear maglev mathematical model; this controller is robust when different loads are put on the carrier and guarantees stabilization and precision positioning.
The organization of this paper is as follows. In section II, the maglev system is described, some magnetics formulas will be reviewed and the mathematical model is obtained. In section III a SOSM controller is designed using the nonlinear system obtained. Section IV presents numerical simulations results that show the robustness of the controller designed. Finally conclusions are given in section V.
II. SYSTEM MODELING In this section, the mechanical structure of a Maglev system will be described. Its analytical model of 5 DOFs will be derived and analyzed. The 6th DOF, propulsion in the y direction, will be analyzed and controlled in a future work. The overall system is shown in Fig.l. A. The maglev system Basically, the maglev system proposed here is a multi-input multi-output (MIMO) system. Here, the states are the lateral and vertical displacement, x and z respectively, and the three rotations 0, b and q. The outputs are x, 0, z, b and q while the inputs are the currents applied to coils into the levitation guiding tracks. The dynamics of the maglev system can be divided into a stable part and an unstable one. The stable part consists of the dynamic of z, while the unstable part consists of the dynamics of x, 0, b and q.
In order to control 3 DOFs in rotational displacement and 2 DOFs in lateral displacement, i.e., a total of 5 DOFs of the carrier separately, a four-track design, shown in Fig.2 , is sufficient to supply such 5-DOFs control. The guiding tracks together must provide a levitation force to counteract the carrier weight. On the other hand, to provide a uniform magnetic field along the guiding tracks, an oblong coil is necessary.
Also, due to the nature of lateral instability of a repulsive system, stabilizers are needed inside.The stabilizers can control the lateral position of a levitating NdFeB magnet whereas the levitator can control the vertical (up-down) position of a levitating NdFeB magnet.
The four stabilizing coils are grouped into two sets: inner guiding tracks and outer guiding tracks. Then, the principle shown in Figs.3 and 4 to control the rotation of the carrier about a vertical axis and its lateral translation can be used.
In order to obtain the magnetic force in z and x is necessary to analyze some magnetic formulas. According to Biot-Savart's law and Ampere's circuit law [10] the magnetic flux density in any point around an infinitely long currentcarrying straight wire at a point (x,z) can be obtained as Before formulating equations of motion, some notations on force and distances are explained in the following: the force subscript has two letters, the first means the label of the magnet, and the second the magnetic force type, d for destabilizing, s for stabilizing and I for levitation, e.g. Fad is the destabilizing force applied to the magnet A caused by the levitation coil A . The position of the magnets, denoted by b, has a subscript with two letters, the first means the direction of the distance and the second the label of the magnet, e.g.
bxa is the distance in the x direction from the carrier center to the center of the magnet A. By substituting the positions of the levitation magnet (9) into the magnetic force equations (3) and (4) In this section , a control scheme is presented for the levitation an stabilization dynamics of the magnetic system described in section 2. The aim is to control the height z while the lateral and rotational displacements are tried to be kept near to zero. For doing this a SOSM proposed in [7] is applied to the nonlinear model (10) . For symplicity, the currents in the levitation coils A and B are set to be same, ( 11) 
When the modeling uncertainties are not considered, this is Af (p) = 0 and AG (p) = 0, one has the exact model
for which one can easily verify, in accordanace to [11] were it is assumed that AAA-1 sgn (s) < I
IV. SIMULATION RESULTS
In this section, a series of simulation are proposed for the maglev system using the SOSM controller designed in the previous section. The simulation parameters are listed in table I, these values are proposed usign the real dimensions of the permanent magnets that will be used in the maglev prototipe that is being built in our laboratory. The desired values for all states are equal to zero, this means that the permanent magnets are regulated at the center of the guiding tracks whereas the carrier is located in the center of the system. Figures 5 and 6 show that all the states converge to zero as t goes to infinity. Figures 7 and 8 show the levitation and stabilization control currents, respectively. In Fig.8 at the center of the guiding tracks, where the destabilizing forces are equal to zero.
The second simulation tests the capability of load disturbance rejection. The load disturbance is applied on the carrier over each levitation magnet (see figures 3 and 4) after the carrier reaches a steady-state. Disturbances of 0.25 Kg are introduced at 0.3s, 0.6 s, 1 s and 1.5 s. In this case, the initial conditions were x (0) = 2 mm, 0 (0) = 2.5 mrad, z (0) = -8 mm, psi(0) = 3.5 mrad and a (0) = -2.5 mrad. Figures 9 and 10 show the response of the maglev system when a load disturbance is applied on the carrier. One can observe that all the states go to equilibrium points when the load disturbance increases. Fig.11 shows the changes in the levitation control currents due to different load disturbances; one can observe the increments or decrements in the current magnitude after the load disturbance increases. Fig.12 shows that the currents in both stabilizers do not present any change, this is because the load does not affect the x translation and the 0 rotation.
V. CONCLUSIONS In this paper a nonlinear mathematical model for a maglev system has been derived. A repulsive maglev system with four guiding tracks is adopted here. There, the maglev system has been treated as a MIMO system, and a SOSM controller for a nonlinear 5 DOFs maglev system has been designed here. From the simulation results, the feasibility and effectiveness of the designed controller have been clearly shown. The desired performances of levitation and lateral and rotational stabilization have been achieved. T  T  T   ILI  IL2  IL3  IL4   -2   -3 
